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C hronic hepatitis C virus (HCV) infection, currently affecting approximately 160 million people worldwide (1) , is one of the major causes of hepatitis, liver cirrhosis, and hepatocellular cancer (2) . Combination treatment with pegylated interferon alpha IFN-␣) and ribavirin has been the standard of care (3) , and only recently, directly acting antivirals were licensed and triple therapy has further improved treatment options (4) . HCV is a singlestranded positive-sense RNA virus belonging to the genus Hepacivirus of the family Flaviviridae and is subdivided into seven major genotypes (5, 6) . The immunological processes associated with the establishment of chronic HCV infection are only partially understood. The role of endogenously induced type I IFN responses and the molecular mechanism of IFN induction remain incompletely defined. Although the NS3-4A protease complex inhibits IFN signaling (7) (8) (9) , it was recently demonstrated that in liver biopsy specimens from chronically infected individuals, numerous IFN-stimulated genes (ISG) were induced (10, 11) .
In various viral infections, plasmacytoid dendritic cells (pDC) are major type I IFN producers (12, 13) . Constitutive IRF7 expression allows pDC to mount rapid cytokine responses upon endosomal Toll-like receptor 7 (TLR7) or TLR9 triggering. The role of pDC in HCV infection is not yet fully resolved (14) . A recent study revealed the abundant presence of pDC in the livers of chronic HCV patients (15) , whereas diverse findings have been published about reduced numbers and impaired function of pDC under such conditions (16) (17) (18) (19) (20) . In in vitro stimulation experiments, human pDC produced large amounts of type I IFN upon direct cellto-cell contact with HCV-infected hepatoma cells, whereas cellfree virus did not induce IFN-␣ (21) . Of note, IFN-␣ induction was TLR7 dependent and required viral RNA replication, but no virion formation, in the stimulating cells (21) .
In the present study, we analyzed cytokine responses mounted by primary human pDC that were stimulated with cell culturederived Japanese fulminant hepatitis C virus (JFH1) or the intragenotypic chimera Jc1, both isolates assigned to genotype 2a. As published before, we found that cell-free JFH1 preparations did not stimulate pDC to mount IFN-␣ responses. Nevertheless, we observed that crude preparations of cell-free Jc1 did induce massive IFN-␣ responses. Coculture experiments with infected hepatoma cells and pDC revealed that JFH1-infected cells triggered reduced IFN-␣ responses compared with Jc1-infected cells. The analysis of additionally shuffled chimeras indicated that determinants within domain 2 of the core protein critically affected the magnitude of IFN-␣ responses. Furthermore, complete viral assembly was needed, whereas the infectivity of the released particles was not critical, indicating that variations of viral determinants that affect particle formation influence the magnitude of the innate immune response.
MATERIALS AND METHODS
Cell culture, cell lines, and antibodies. All cell lines were grown in Dulbecco's modified minimal essential medium (DMEM) supplemented with 2 mM L-glutamine, nonessential amino acids, 100 U/ml of penicillin, 100 g/ml of streptomycin, and 10% fetal calf serum. For virus production, cells were cultivated in serum-free medium (adenovirus expression medium [AEM]).
Plasmids and virus production. The plasmids pFK-JFH1 (22) and pFK-Jc1 (23) have been described recently. Mixed chimeras were created by PCR-based cloning strategies. Sequences are available upon request. The detailed virological properties of these HCV chimeras have been described previously (24) . Constructs of the core domain chimeras have also been described previously (25) . For preparation of virus stocks, Huh7.5 hepatoma cells were electroporated with 10 g in vitro-transcribed viral RNA (26) . After 4 h, the medium was changed to serum-free AEM. After 48 h and 72 h of incubation, the cell-free supernatant was filtered through 0.45-m filters and ultrafiltered through Amicon centrifugal filters (Millipore). Partial purification of the virus was performed either by heparin column (27) or by ultracentrifugation in a Sorvall Ultra WX80 centrifuge at 4°C and 24,000 rpm in a TH-641 wing-out rotor for 4 h, with or without a 20% sucrose cushion. Virus titers were determined as previously described (28) .
Vesicular stomatitis virus M2 (VSV-M2) is a natural variant of the VSV wild-type strain HR (29) and is routinely propagated on BHK-21 cells and titrated on Vero cells. Stocks were prepared as culture supernatants 72 h after infection at a low multiplicity of infection (MOI) (0.01).
pDC isolation. pDC were isolated from buffy coats of healthy donors by Ficoll density centrifugation and magnetically activated cell sorting (MACS) separation (Diamond Plasmacytoid Dendritic Cell Isolation Kit; Miltenyi Biotec). All buffy coats were obtained from the Blutbank Springe, which is a blood transfusion service where all donors gave their written informed consent that their blood can also be used for scientific purposes. Isolated pDC were cultivated in serum-free DC medium (CellGenix) enriched with 10 ng/ml interleukin 3 (IL-3) (CellGenix) in a 96-well plate at a density of 2 ϫ Coculture experiments. Highly HCV-permissive Huh7.5 (30) or Lunet N (31) cells were electroporated with 10 g HCV RNA; seeded in 96-well plates at a density of 1 ϫ 10 5 or 6.6 ϫ10 4 , respectively; and incubated for 24 h. Then, the cells were washed with phosphate-buffered saline (PBS) before pDC were coincubated with the cells for 18 h.
Immunofluorescence. Electroporated Lunet cells were seeded onto glass coverslips in 24-well plates. The cells were fixed 24 h postinfection with 500 l of PBS supplemented with 3% (wt/vol) paraformaldehyde for 10 min at room temperature. Subsequently, the cells were washed three times, permeabilized with 0.5% Triton X-100 in PBS, and washed three times with PBS prior to antibody staining. DNA was stained with DAPI (4=,6=-diamidino-2-phenylindole dihydrochloride) (Life Technologies GmbH) for 1 min.
Statistical analysis. Statistical analyses were done using GraphPad Prism 5. The one-tailed nonparametric Mann-Whitney test was used for the analysis of differences between groups with unmatched pair values, and the one-tailed nonparametric Wilcoxon signed-rank test was used for the analysis of differences between groups with matched pair values. For a grouped analysis, a Kruskal-Wallis test with Dunn's multiple-comparison test was used.
RESULTS
pDC mount IFN-␣ responses upon stimulation with crude preparations of HCV strain Jc1, but not strain JFH1. To study HCV-induced cytokine responses of primary human pDC, peripheral blood mononuclear cells (PBMC) were isolated from buffy coats of healthy donors, and pDC were MACS enriched. pDC preparations typically showed a purity of more than 98%, as determined by FACS analysis (Fig. 1A) . To ensure their functionality, pDC were stimulated with VSV-M2 (29, 32) or with the TLR9 agonist CpG ODN 2216, which resulted in substantial IFN-␣ induction (Fig. 1B) . For pDC stimulation with HCV, the cell culture-derived HCV strains JFH1 and Jc1 were used. Jc1 is a genotype 2a intragenotypic virus chimera consisting of J6CF-and JFH1-derived genome portions fused at a junction site within the NS2 protein (23) . Compared with JFH1, the J6CF-derived core and the p7 protein allow Jc1 to yield enhanced virus titers in cell culture (23) (24) (25) .
As described previously by others (21) , treatment of pDC with crude preparations of JFH1 did not induce IFN-␣ responses of pDC. On the other hand, Jc1 induced massive IFN-␣ production, irrespective of whether crude Jc1 preparations were normalized for equal infectivity or for similar viral RNA contents ( Fig. 1C and  D) . Repetition of this experiment with pDC isolated from a total of 35 different donors and viruses derived from four different Jc1 preparations confirmed the stable IFN-␣ induction by Jc1 (Fig.  1E) . Notably, upon Jc1 stimulation at MOIs of 1 and 3, dosedependent IFN-␣ induction was observed, whereas stimulation at an MOI of 10 did not further increase overall IFN-␣ production, implying a bell-shaped dose-dependent activation curve (Fig. 1E) . The observation that crude preparations of JFH1 did not induce IFN-␣ whereas Jc1 did was surprising, because JFH1 and Jc1 are assigned to genotype 2a, share identical sequences in all nonstructural genes, and show only modest sequence differences within the structural genes. Interestingly, stimulation with neither Jc1 nor VSV-M2 induced the production of other cytokines, such as IL-6, IL-12, IL-10, IL-4, and IL-1␤ (data not shown). We next addressed whether direct stimulation with crude virus preparations induced pDC via TLR7, as previously shown for the coculture of HCVinfected cells together with pDC (21) . Therefore, pDC were pre-treated with the TLR7 inhibitor IRS661 before stimulation with Jc1 or the TLR7 agonist R848. The IRS661-mediated inhibition of both responses indicated that, indeed, Jc1 stimulation of pDC was conferred by TLR7 triggering (Fig. 1F) . Thus, the above-described experiments indicated that viral determinants influenced interferon responses mounted by pDC.
Partially purified Jc1 does not induce IFN-␣ responses. To more closely examine the mechanism of IFN-␣ induction by Jc1, we partially purified the virus particles. To this end, crude preparations of Jc1 were subjected to heparin column purification (27) . Virus eluted from the column and the flowthrough still containing virus particles were adjusted to an MOI of 1. Note that under our experimental conditions, approximately 60% of infectious particles bound to the heparin column, whereas the remaining virus passed through. Nevertheless, virus eluted from the column showed infectivity similar to that of the virus before purification ( Fig. 2A) . Upon stimulation of pDC with partially purified Jc1 eluted from the column, no IFN-␣ responses were induced, while the original crude preparation and the virus-containing flowthrough did induce responses (Fig. 2B) . Thus, infectious virus alone was not able to stimulate IFN-␣ responses of pDC. Therefore, we hypothesized that some small components derived from HCV-infected hepatoma cells that pass through 0.45-m filters during preparation of crude virus were required, either alone or in conjunction with infectious virus, to trigger IFN-␣ responses.
To further study the requirements of IFN-␣ induction by HCV preparations, Jc1 purified by ultracentrifugation with or without a sucrose cushion was tested. Although the partially purified virus recovered after ultracentrifugation showed infectivity comparable to that of the crude virus preparation (Fig. 2C) , virus partially purified by either ultracentrifugation method did not induce IFN-␣ responses, whereas crude Jc1 preparations did (Fig. 2D ). In conclusion, infectious virus alone was not sufficient to trigger IFN-␣ responses of pDC. contribute to pDC stimulation, we performed coculture experiments with infected hepatoma cells and pDC. To this end, Huh7.5 hepatoma cells were electroporated with viral RNA and then incubated for 24 h, and finally, the transfectants were coincubated with pDC for an additional 18 h. As observed previously (21) , under such conditions, JFH1-infected cells triggered pDC to mount IFN-␣ responses (Fig. 3A) . Under similar conditions, Jc1-infected Huh7.5 cells also induced IFN-␣, while IFN-␣ responses induced by Jc1-infected cells were more abundant than those induced by JFH1-infected cells (Fig. 3A) . Notably, hepatoma cells subjected to electroporation with HCV RNA were not stimulated to express IFN-␣ themselves (data not shown). As Jc1 is more readily produced by transfected Huh7.5 cells than JFH1 and newly formed virus may reinfect Huh7.5 cells, which would further enhance the amount of infected cells, in a subsequent experiment, Lunet N cells, which are CD81 deficient and thus cannot be reinfected by HCV, were used (31). Indeed, upon transfection of Lunet N cells with JFH1 or Jc1 RNA and subsequent incubation for 24 h, similar numbers of infected cells were detected in immunofluorescence analysis (Fig. 3B) . Eighteen hours after coculture of pDC with Jc1-or JFH1-infected Lunet N cells, Jc1-infected cells triggered IFN-␣ responses, which were again higher than those induced by JFH1-infected cells (Fig. 3B) . These experiments indicated that differences in the structural genes of Jc1 and JFH1 influenced the capacity of infected cells (or crude virus preparations) to stimulate pDC. To study after how long an incubation time transfected cells acquired the potential to induce IFN responses, transfectants were incubated for 3, 6, 12, and 24 h, and then pDC were added for another 18 h. Of note, after 12 h of incubation, the supernatant of transfected Lunet N cells already contained approximately 90% of the virus levels found after 24 h of incubation (Fig. 3C) . Interestingly, transfectants incubated for 24 h induced massive IFN-␣ responses, whereas transfectants incubated for shorter periods did not (Fig. 3C) . Incubation for up to 72 h did not further increase the IFN-␣ levels (data not shown). These results indicated that cell-derived components triggering IFN-␣ responses of pDC appeared later than infectious virus in the supernatant of infected cells.
Jc1-and JFH1-infected hepatoma cells induce pDC to mount IFN-␣ responses. To identify viral determinants that crucially
Strain-specific core domain 2 sequences of HCV affect the magnitude of pDC-mediated IFN-␣ responses. To map viral determinants that account for differential stimulation of pDC by JFH1 and Jc1, we next used a set of JFH1 chimeras that carry various portions of the J6CF-derived coding region instead of the cognate JFH1-derived genome segment (Fig. 4A) . These chimeras include constructs encoding either core or p7 of J6CF, alone or together, or E1 and E2 of J6CF, as recently described (24) . Interestingly, Lunet N cells electroporated with constructs encoding J6CF-derived core induced significantly higher IFN-␣ responses than viruses containing JFH1-derived core, irrespective of the origin of the other structural genes (Fig. 4B) , indicating that core sequences played a crucial role.
To further elucidate which part of the core protein determined the magnitude of IFN-␣ responses, we made use of core domain chimeras containing only one of the three core domains from the J6CF clone within the JFH1 backbone (25) . To ensure that similar numbers of cells transfected with the different virus chimeras were used in the stimulation experiments, NS3 protein-positive cells were monitored by immunofluorescence staining (Fig. 4C) . After cocultivation of pDC with Lunet N cells electroporated with the indicated constructs, the J6CF-derived domain 2 of core was sufficient to induce elevated IFN-␣ responses (Fig. 4D) . Interestingly, cells expressing chimeras with either the whole core domain or only domain 2 of core deleted did not trigger pDC to mount IFN-␣ responses (data not shown).
Notably, the D2 portion of core is important for lipid droplet association and efficient virus production. In fact, residues differing between J6CF and JFH1 within this domain (Fig. 4A) are responsible for increased virus production of HCV genomes (25) . Thus, the studies with J6CF-JFH1 chimeras indicated that those viral determinants that facilitate efficient virus particle formation (particularly J6CF-derived core domain 2 [25] ) also conferred induction of enhanced IFN-␣ responses. Therefore, viral determinants within the D2 domain of core critically affected pDC stimulation.
Efficient HCV assembly and core protein membrane envelopment, but not highly infectious virus particles themselves, are critically required for efficient induction of IFN production in pDC. Given the above-mentioned correlations and considering that cell-free, partially purified, highly infectious HCV did not efficiently stimulate IFN-␣ production, we intended to study whether efficient assembly of viral progeny is sufficient to trigger IFN responses or whether, in addition, release of infectious virus is needed. To this end, we cocultured Lunet N cells transfected with derivatives of Jc1 and JFH1 genomes carrying a large in-frame deletion within domain 3 of the NS5A protein. This deletion abrogates virus assembly at an early stage by disrupting the proper association of core and NS5A with lipid droplets (33) . Interestingly, in the Jc1 and JFH1 context, deletion of NS5A domain III strongly decreased induction of IFN-␣ (Fig. 5A ). Since this deletion did not reduce HCV RNA replication and viral protein expression (33), we concluded that assembly of infectious HCV and/or specific properties of NS5A were required for IFN-␣ triggering.
Assembly of infectious HCV progeny proceeds through several distinct steps, including (i) trafficking of core protein to lipid droplets, (ii) recruitment of NS5A and viral RNA to lipid droplets, (iii) capsid envelopment, and, ultimately, (iv) release of infectious progeny. To determine whether complete HCV morphogenesis, including production and release of infectious progeny, was needed to stimulate pDC, we used a set of Jc1-derived viral mutants that are arrested at distinct steps of the HCV assembly pathway. As a reference for basic stimulation of pDC in the absence of HCV assembly, we used cells transfected with a subgenomic HCV replicon encoding solely NS3 to NS5B proteins. In agreement with a previous study (21) , coculture of pDC with replicon-transfected Lunet N cells triggered IFN-␣ release, albeit only at moderate levels (Fig. 5B) . Notably, transfection of the full-length JFH1 genome did not increase IFN-␣ production of pDC, indicating again that the ability to produce infectious progeny did not increase pDC responsiveness to HCV. As expected, Jc1-transfected cells triggered approximately 10-fold-higher IFN release, which was reduced when a viral genome carrying an inactivating mutation of p7 was transfected or when a Jc1 variant that encodes H77 genotype 1a-derived E1-E2 proteins instead of the cognate J6CF-de-rived proteins was used (Fig. 5B) . Since both inactivation of p7 and expression of genotype 1a glycoproteins in the context of Jc1 prevented membrane envelopment of HCV core protein (24, 34) , we concluded that efficient envelopment of HCV core protein was necessary for robust stimulation of pDC. Strikingly, Jc1/E1-K179Q, which carried a mutation disturbing E1-E2 heterodimerization (34, 35) , triggered IFN-␣ release only approximately 3-fold less efficiently than wild-type Jc1 and approximately 10-fold more powerfully than JFH1 (Fig.  4E) . As this E1 mutation reduces the infectivity of intracellular and extracellular virus by approximately 100-fold but does not grossly affect core protein envelopment and virus release (34), we concluded that production of infectious virus was dispensable for eliciting high-level IFN-␣ responses. Collectively, these results indicated that specific features of J6CF-derived core protein, which are critical for efficient virus production of the Jc1 chimera, but not high infectivity of virus particles, are important to trigger enhanced IFN responses. Moreover, only when virus assembly proceeded beyond the step of core protein envelopment was IFN production triggered efficiently. In summary, this showed that the effective assembly, but not the infectivity, of the viral particles determined the magnitude of IFN responses mounted by pDC.
DISCUSSION
In this study, we report that the cell culture-derived HCV strains JFH1 and Jc1, both consisting entirely of genotype 2a-derived viral sequences, display highly divergent properties regarding the induction of IFN-␣ responses of human primary pDC, i.e., Jc1 induced IFN-␣ responses and JFH1 did not. This observation suggested that differences between the viral strains profoundly influenced the magnitude of innate immune responses mounted by pDC. While cell-free JFH1 virus preparations, as described previously, did not induce any IFN-␣ responses of pDC, crude, but cell-free, culture supernatants containing infectious Jc1 virus particles readily triggered pDC to mount abundant IFN-␣ responses. Since Jc1 differs from JFH1 only in the viral structural genes (core, E1, and E2), as well as p7 and NS2, these findings initially suggested that different features of the Jc1-derived virions might induce enhanced IFN-␣ responses. However, partial purification of Jc1 particles by either heparin-mediated affinity chromatography or ultracentrifugation rendered Jc1 unable to stimulate IFN-␣ release. Notably, the purification procedures did not affect viral infectivity. Therefore, we consider it unlikely that virus particle features differing between Jc1 and JFH1 were determining the magnitude of the IFN response triggered by culture supernatants containing viral particles. Notably, our work suggests that viral determinants substantially affect the induction of IFN-␣ responses of pDC. This conclusion is based on our observation that, both in stimulation assays with cell-free virus and in the context of coculture experiments on HCV-transfected cells with pDC, IFN-␣ responses were much more robust for Jc1-derived preparations than with JFH1. Given that the cell-free virus preparations were normalized for equal concentrations of viral RNA or infectivity, and since the cocultured cells carried comparable abundances of viral RNA and protein, we consider it unlikely that divergent abundances of viral components were responsible for this observation.
The influence of the structural genes on the magnitude of IFN-␣ responses could be clearly shown by using the chimeras that contained only one of the structural genes of the J6CF isolate inserted into the JFH1 backbone. In this system, we found that the insertion of J6CF-derived core sequences into a JFH1 backbone significantly increased the induction of IFN-␣. This enhanced IFN-␣ induction capacity was correlated with an improved assembly efficiency of the core chimera. Whereas JFH1 produced 100-fold-reduced titers compared with Jc1, the insertion of the J6CF-derived core into the JFH1 backbone increased the viral production yield by 50-fold (24) . This enhanced assembly efficiency was achieved by the exchange of only domain 2 sequences by Shavinskaya et al. (25) . Of note, we found that the D2 JFH1 chimera also induced significantly enhanced IFN-␣ responses compared with JFH1. To prove the assumption that virus assembly and IFN-␣ induction are correlated, we used an assembly-deficient NS5A⌬D3 mutant that did not trigger pDC to express IFN-␣, irrespective of whether the deletion was included in the context of JFH1 or Jc1. To further dissect the impact of the assembly process on the induction of IFN-␣ responses, we made use of virus variants with mutations that arrest HCV assembly at different stages. The viral mutants Jc1 p7 QQ and Jc1 E1E2 H77 were shown to have a defect in assembly at, or prior to, core protein envelopment (24, 34) . When we transfected Lunet cells with these constructs and cocultured them with pDC, we could not detect any IFN-␣ induction, arguing that the assembly process needed to proceed beyond the stage of capsid envelopment to trigger highlevel IFN-␣ responses. Moreover, we utilized a mutant with a defect in E1E2 heterodimerization (Jc1 E1 K179Q) that has been reported to produce 100-fold fewer infectious particles than Jc1, whereas the release of virions was essentially undisturbed, as evidenced by almost normal release of viral core protein into the culture fluid (34) . Cells transfected with this chimera were able to induce IFN-␣ responses of pDC. These results suggested that the efficient assembly of particles was needed for the induction of IFN-␣ but that the amount and/or infectiousness of the particles did not play a key role.
Altogether, our observations indicate that core protein features provided by domain 2 are not sufficient to trigger abundant IFN-␣ release and that completion of membrane envelopment is needed to fully activate pDC. Assuming this, it is conceivable that only viral protein complexes competent in virus envelopment and involving core, E1-E2, and p7 recruit the cellular machinery transferring viral RNA into nascent exosomes with maximal efficiency. This notion is further supported by experiments by Dreux et al. which showed that inhibitors of exosome production, as well as knockdown of host factors involved in production of such secreted membrane vesicles, ablated stimulation of pDC by HCV (36) . The observation that viral-strain-specific differences have a pronounced impact on HCV assembly (24, 25) and at the same time influence the induction of an IFN-␣ response by pDC provides an appropriate setting to define the molecular pathways shared by virus assembly and exosome formation. Moreover, it will be interesting to explore to what extent viral differences with regard to core sequences, assembly efficiencies, and stimulation of IFN-␣ release from pDC influence the natural course of hepatitis C.
ACKNOWLEDGMENTS
We are grateful to Takaji Wakita for JFH1, to Jens Bukh for the J6CF strain, to Ralf Bartenschlager for the core chimeras and NS5A deletion mutants, and to Charles Rice for the NS5A-specific antibody 9E10 and the Huh7.5 cells. We give special thanks to Theresa Frenz for critically reading the manuscript and to the DRK-Blutspendedienst NSTOB Springe for providing buffy coats.
We declare that we have no competing financial interests. [33] ) were incubated for 24 h. Subsequently, the transfectants were cocultured with pDC for 18 h, and IFN-␣ release was assessed in the supernatant by an ELISA method (pDC, n ϭ 4). **, P ϭ 0.0078; *, P ϭ 0.037 (Wilcoxon test). The error bars indicate SEM. (B) Lunet N cells transfected with a subgenomic JFH1 replicon or with full-length constructs were incubated for 24 h. Subsequently, the transfectants were cocultured with pDC for 18 h. Then, the IFN-␣ content of the cell-free supernatant was determined by an ELISA method (pDC, n Ն 4). *, P ϭ 0.0156; ns, not significant (Wilcoxon test). The error bars indicate SEM.
